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I. INEIASTIC SCATTERING.

A. Introduction.

In the previous semi-annual report incorrectly dated
February 1, 1953 - June 30, 1953 (it should have been
designated as January 1, 1953 - June 30, 1953) experiments
falling in two different categories were described. The
first group of measurements concerned themselves for the
most ﬁart with a study of gamma rays excited in the nucleil
of various elements by the inelastic scattering of neutrons
of energy about 3.9 Mes. The remainder of the report dealt
with elastic scattering of neutrons of about the same energy
in aluminum, iron, and lead., From the elastic scattering
data certain aspects of the inelastic scattering process are
inferred.

In the six months following the above mentioned report,
additional results dealing with the previously discussed
measurements have been obtained. The smaller Bartol
Van de Graaff generator has served as the neutron source

throughout the course of this work.

B. Camma Rays Excited by Inelastic Scattering of 3.8-«Mev
Keutrons in Nickel, Copper, Zirconium, and Wolfram.

The geometry employed for detection of the gamma rays

is shown in Figure 1. All of the measurements obtained to

mlm
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date have been taken by means of single channel pulse-
height analysis. A twenty~channel multi-channel dis-
criminator will be available in the future to shorten the
time to acquire such data.

As in the case of the previous semi-annual report, the
background was taken to be that indicated by a carbon scatterer.
The background is assumed to a;ise from neutrons having been
elastically scattered imto the sodium ilodide and there cap-
tured %o give rise to capture gamma rays which are in turn
counted in the crystal. The carbon run is considered to be
a "blank™ 6 because the first excited state of c*? occurs at
4.5 Wev above the ground state so that the neutrons available
are not sufficiently enesrgetic to give rise to inelastic
scattering. An additional source of background is, of course,
the radioactivity of Ilza(T = 25 min).

A nickel scattersr was constructed of nickel "shot™
poured into a thin-walled "doughnut” of tin, When irradiated
by 3.8 Mev neutrons, the pulse-height distribution of Figure 2
was obtained. Shown in Figure 2 is the background curve taken
with a carbon scatterer present along with the curve for the
nickel scatterer. The difference curve is presented in
Pigure 3 where a photopeak at gbout'1.36 Mev is clearly
present. Although sufiicient energy is present for excitation
of the 2.52 Mev level in 71%% 5o that the 1.16 Mev gamma ray
might also appear, it is thought that insufficient angular

|
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momentwn is present in the incident neutron beam to excite
the level in any appreclable intensity. The study of the
radioactive decay of Cm60 has shown that the spins of the
levels off NiGQ follow the pattern of the even-even nueclei,
4 - 2 - 0, so that four units of angular momentum are
necessary for excitatinn of the 2.52 Mev level, The 1,33 Mev
gamma ray is of course the second of twe gamma rays emitted in
cascade in the decay o Gasog the first having an energy of
1,16 Mev, From the shape of the diflerence curve of Figure 3,
it is ecliear that a gamma ray at about 0.9 Mev may also be
present .,

The pulse-height Jilstribution (background subiracted) re-
sulting from the scatt :ring o %.8 Mev neutrons by copper is
shown in Figure 4. These data are interpreted as gilving

evidence of the presen.e of a gamma ray of energy 0.9 Mev,

plus unresolved gamma .ays of higher energy.

A girconium scatterer was irradiated by %.8 Mev neutrons.
The resulting pulse~height distribution is shown in Figure 5.
The gamma rays present. have energles of 0.9, 2.2, and
possibly 1,15 Mev., A similar spectrum for tungsten is shown in
in Plgure 6. The reso ution is not sufficient to isclate
the peaks, but gamma ri.ys appear t0 be present at aboud

0,85 and 2.% Mev,

I% is to be noted that the pulse~height distribution

curvas fTor %y was taken with a one~volt channel rather than

By
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~ with the usual two-volt width employed in the measure-

ments of the previous report. It was found that the use

of the one~volt channel resulted in better energy resolution
than was previously obtained. Using the one-volt channel,
the pulse-height distribution of the gamma rays of Na24 was
observed as shown in Figure 7. This spectrum shows con-
siderably better resolution than that obtained in the case
of the same spectrum obtained with a two-volt channel width
and shown in Figure 10 of the previous report. It is
naturally to be expected that the one-volt channel give the
better resolution; however, the actual experimental observe-
tions show that it is enough better to justify the longer
time of observation necessitated by the smaller channel

widths.
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TABLE I

Gamma Rays Excited by

3.8 Mev Neutrons

Element Energy of
Gemma Ray
(Mev)

Nickel 0.9
1.36

- Copper 0,9

Zirconium 0.9
1.15 (%)

202




Y IT. TOTAL CROSS SECTIONS; ANGULAR DISTRIRUTION OF
ETASTIC SCATTERING; INELASTIC CROSS SECTIONS.

Introduction

The measurement of the differential cross sections

for the scattering of 3.7 Mev neutrons from cadmium, tin,

1)

and bismuth represents an extension of similar measurements

1) W. D, Whitehead and S. C, Snowdon, Phys. Rev. 92,

114 (1953)

on aluminum, iron, and lead in order to establish the pat-
tern of variation with atomic weight. In addition; the
recent continuum theory of nuclear reactions given by

Feshbach, Porter and WeisskopIZ) has been used with a

2) Feshbach, Porter and Weisskopf, Phys. Rev. 90, 116

(1953);_ "Neutron Reactions and the Formation of the
Compound Nucleus", U. S. Atomic Energy Commission,
NYO 3076, NDA Report 15B=4 (unpublished); "Theory of
Average Cross-Sections", M.I.T. Report (unpublished).

plausible extension to calculate the angular distribution of
3,7 Mev neutrons scattered from nuclej of atomic weight 115
and 209, This should be of value in assessing the possibili-
ties of using the continuum theory in this energy range to

give detailed information about neutron scattering.




Experimental

In general, the arrangement used in this experiment
is exactly the same as that used in our previous experi-
mentl). Neutrons of about 3.7 Mev were produced by bom-
barding a deuterium gas chamber with 10 p.a, of deuterons
of 0,65 Mev mean energy., A ring geometry was employed in
which the angle of scattering was varied both by using
different size rings and by an axial movement of each ring.

The previous experiments demonstrated that corrections
of considerable magnitude must be made to allow for the
higher order scattering in order to obtain the correct dif-
ferential cross sections from the apparent differential

cross sections observed with a ring of finite thickness,

They further demonstrated that, within the experimental

accuracy, a linear extrapolation of the apparent differential

cross section to zero axial thickness of the scatterer most
probably gave the correct differential cross section. The
present medasurements, therefore, were carried out using
only two ring thicknesses. However, unlike the previous
experiments in which only a few selected angles were chosen
to determine the higher order scattering correction, in .
these experiments each ring thickness was used at all the
angles of measurement. The result gives the apparent dif-
ferentiai cross seotion as a function of angle for each of

the two ring thicknesses used. The true differential cross

msm



section now can be found at each angle by a linear
extrapolation of the apparent differential cross section
to zero ring thickness.

Finally; the neutron flux monitor was changed from
that previously used, a butane filled proportional counter,

to a.Lucitewzinc sulphide scintillator detector3) identical

3) W. F. Hornyak, Rev. Sci. Instr. 23, 264 (1952). The

authors are indebted to Ir. Hornyak for supplying
them with Iucite~zine sulphide molded buttons.

with that used in detecting the scattered neutrons. In the
previous experimentsl) some difficulty was experienced in
maintaining a constant 0°/'90o neutron flux ratio. Changing
the monitor-detector improved this situation somewhat.

Data

Figure 1 shows the experimental points of the apparent
differential cross section for the scattering of 3.7 Mev
neutrons incident on the 3/8 inch and 1 inch thick rings
of cadmium. A point by point linear extrapolation to zero
ring thickness gives the true differential cross section
Y (@) Figures 2 and 3 present similer information with
regard to tin ané bismuth. At every angle the apparent
differential cross section for the i-inch rings is larger
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than the apparent differential cross section for the
3/8-inch rings thus demonstrating that at each angle the
higher order scattering adds a positive contribution to
the apparent differential cross section. The total cross
sections corresponding to ¢~ (©) have been calculated and
are presented together with the measured total oross
sections in Table 1. The measured total cross sections
in each case are about 8-10 per cent higher than those

previously measured at an energy close to 3,7 MevA)o

4) "Neutron Cross Sections", U. S. Office of Technical

Services, Department of Commerce, AECU-2040
(unpublished); N. Nereson and S. Darden, Phys. Rev.
89, 775 (1953).

However, since both the differential and total oross sections
were measured with the same experimental set-up, at worst all
measurements are systematically from 8-10 per cent high which
is within our over-all uncertainties of about 15 per cent.

As was discussed previouslyl), the integrated cross
section corresponding to 0~ (8) does not accurately measure
the total elastic cross section, since the neutron detector
does not discriminate adequately against inelastiocally
scattered neutrons,. However; to within about 20 per cent,
it may be considered to represent this elastic cross

section. Subject to this reservation, the difference be-

tween the measured total cross section and the integrated
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TABIE 1.

E1l t o ( ) in ba 07:

emen 4oy (Meas.) in barns fo—(e)d.n, 8 |(in-

This exp. Ref. 4 Theoxry barns elastic )|
Cadmium 4.5 ~t 4,0 2,5 2.0
506

Tin 4.6 o~ 402 205 201
Bismuth 8e3 746 To7 - 6.9 14

Total cross sections., The value of jcr (6)a N.B sudbject to

the reservations in the text is the total elastic cross section.

Included in Tadble I is a column of values giving
estimates of the order of magnitude of the inelastic
scattering cross section at 3.7 Mev, Because of errors
in the measurement of the total and elastic cross

sections, the estimates may be incorrect by as much as

a facter of two.

|
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cross section corresponding to ¢”(6) nay be considered
to equal the total inelastic cross section., Table 1

presents a summary of these calculations.

?heogx

Since the neutron energy resoclution in this experiment
is about 200 Kev, the angular distribution of scattered
neutrons may be discussed in tYerms of a theory that averages
the differential cross section over an energy interval of
this magnitude. Generally, in our energy range there will
be many resonance levels within this 200 Kev energy interval,
hence we may average the differéntial cross section over

many resonance levels. Feshbach and WeisskopfS) and

5) H, Feshbach and V. F, Weisskopf, Phys. Rev. 76, 1550

(1949); "Final Report of the Fast Neutron Data
Project™ U, S. Atomic Energy Commission, NY0=636
(unpublished). ‘

Feshbach, Porter and Weisskopfz) have provided two distinct
theories that discuss total neutron cross sections averaged
in this menner. The total neutron cross-section measurements

of Barschall et 816). generally show agreement with the theory

6) H. He. Barschall, Phys. Rev. 86, 431 (1952); Miller, Adair,

Bockelman, and Derden, Phys. Rev. 88, 83 (1952).

of Feshbach, Porter and Weisskopfz) and are definitely at

variance with the theory of Feshbach and WeisskopfS).

”9@
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Therefore, we will compare our measurements with the
theory of Feshbach, Porter, and Welsskopf suitably for-
malated to exhibit the angular distribution of neutrons
elastically scattered from nuclei.

The theory first will be formuiated, assuming that
there are no reaction products (i.e. no inelastic scat-
tering, etc.). In general, the differential cross section

Tor elastic scattering is given by7)

7) Jda M, Blatt and V. F. Weisskopf, Theoretical Nuclear

Physios (John Wiley and Sons, Inc., New York, 1952)
Chapter VIiII.

P

%O TALL CLHEMA) (-GN -7 ) By v 6)B, (Cne0)

(1)

where 7\ ig the deBroglle wave length of the neutron, divided

by 211, ’(L is the phase constant, and P g, (Cos &) is the
Legendre polynomial., The relation between the phase con-
stant 7] g}and the corresponding logarithmic derivative f L

if given by7 )

E:ex‘o@.i,fj@.[({; A ﬂ,Sz)/(fz A,Z“L'sz)_}

«10=

(2)

-
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where‘j is the phase determining the potential scatter-
ing, and Az-i- is j is the logarithmic derivative of the
outgoing wave in the entrance chanmel,

We now average Eq. (1) over an energy interval that

includes many resonance levels

Pl

Ogc(e) =4 X Zﬁ Zm@b )ENZE l)[(\—?@(\.- )?;:)»r(@): - ;Zﬂ‘m)] &(Cm, 6) gn(c@, e))
(3

where all quantities such as ’)1 9 y/e, ’ s/()’, and Azthat only
vary slowly with the energy are treated as constants. The
. \- L
distribution obtained from the term (1 =Xy ) (1 a)zm) is
called the "shape elastic" scattering and the distribution

obtained from the term ()QL)?;; - .;12}2;; ) is called the
*compound elastic" sca'trteringz) 0

In order to calculate >?Lp firast it is necessary to
choose a model that will provide a logarithmic derivative
which includes a description of resonances. Feshbach, Porter
and Welsskopf introduce a simplified version of a nuclear
reaction, The zero order approximate problem is described

by a Hamiltonian

(o) _
H = Hy + H (4)

=11~



where HT is the Hamiltonian describing the complicated
internal motiong of the target nucleus and Hy describes

the relative motion of the neutron and the target and is

given by
8,
Hn = - v +vir), {(5)

where m is the reduced mass, (72 is the Iaplaclian in the
relative coordinate of the neutron and the target system.

V{r) is given by

Vir) = ~v, for ¥ { R; 0 for r } R, (6)

where R 1s the nuclear rsdius.
The formation of the compound nucleus is described
in the next approximation by adding an interaction

operator H' ‘to give for the total Hamiltomian
H=H +H +H5 (7)
T n

For & convenient choice of the matrix elements of H“ in

the basis determined by the eigenfunctions of H,, the

me
value of the logarithmic derivative may be found. It is
shown ‘then that this yrather complicated expression for

the logarithmic derivative may be approximated by

unle-m

ol



LA £ = w,g + W,y Cot 7, (€) (8)

where wl and w2 are slowly varying functions of the
energy of the neutron € . The phase z yA (€) ia taken as
proportional to the energy. If this expression for the
logarithmic derivative is inserted into BEq. (2) and

averaged over many resonances the result is
}Eﬂ.% EXP (Q,L yﬁ)-[(wiz“LWaL“Al"’ LSL)]/(\ML‘Lwlz"Ax“éSX)J (9)

Thus, the averaging results in replacing the Cot z J in

- Eqo (8) by =i, The expressions obtained for w;g and
LY in the perturbation calculation are such that they may
be approximated by the real and imaginary parts of the
logarithmic derivative of the following non-Hermitean

problem in the relative coordinates of the neutron and

the target
5’ ”
2m
wherea

Vir) = mvo(1+i$r ) for r { Ry 0 for r > R (10)

Thus, all quantities in Eq. (3) are provided for except

.
X
]
3

®

v ® ., To obtain this we assume in Eq. {(8) that
My

L



z( € ) is 8 linear function of the energy

zg = Te€/dg + P (11)

where dﬂ, is the average level separation; The product
1y, Eﬁ: is then averaged with respect to € as in the
case of nz.o In particular, the result will depend on the
unknown parameters ﬁ%z, Since we are only interested in
statistical results, the average of 7127%% with respect

to € is again averaged with respect to ﬁ%’o The result
is then

>?z )7»: 2 ;72;77: &er%”tj | for L=, (12)

Thus, the average phase constant in Eq. (9) completely

defines an angular distribution of the elastic scattering
averaged over many resonances., The non-Hermitean problem
defined by Eq. (10), which is used to provide an approxi-
mate expression for the average phase, may be solved by a

method due to Iex and Feshbachs)o We have used for the

8) M. Iax and H. Feshbach, Journ. Acoust. Soc. Amer., 20,

108 (1948); Morse, Lowan, Peshbach and lax,
"Scattering and Radiation from Circular Cylinders
and Spheres" (Reprinted by U. 5. Navy Department
Office of Research and Inventions, Washington, D.C.,
1946 ) .




potential within the nucleus
V= =19(1 + 0,05 1) Mev (13)

and for the nuclesr radius

R = 1.45 x lO¢13 Al/S (cm)o (14)

These values give good agreement with the total crose-
section measurements of BarschallQ” 6).

In the preceding theory, it was assumed that no
reaction products were present in the decay of the com-
pound nucleus. This restriction may be removed by
realizing that the effect of these reaction products
upon the entrance channel can be accounted for approxi-

nately by introducing an imaginary pert to the energy °
Thus, Eq. (11) is changed to

2, €+ iP / ) By (15)

) 2, 9)
where E? is the reaction width™?* o When this is

9 Peshbach, Peaslee and Weisskopf, Phys. Reve. 71, 145

(1947).

~—
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done it will be found that Eq. (9) for the average phase
nﬂ, is unchanged and theat Eq. (12) for the average

phase product 7’( 0 7?): is unchanged for ,Z 5{ m but
that for £ = m

7(2)7): =1 - (exp 21Tf"r(£')/ dp = 1)"(1 “ﬁl’}z;)/ [exp 2wpr(£)/ld"-;?z;?£]

(16)

Hence, the preceding formulation may be used throughout
except for this one change. Table 2 and Figures 4-6

present the chief numerigal results of the above theory.

Discussion

A comparison in Figures 4-6 of the experimental dif-
ferential cross section for the elastic scattering of
3.7 Mev neutrons from cadmium, tin, and bismuth with the
theoretical predictions of the continuum model shows that
the main features of the experimental curves are reproduced
by the theory. ~In general, the theoretical results give a
better fit with bismuth than with cadmium or tin. If one
were to use Eq. (16) in the determination of the "compound
elastio" scattering, there is no choice of the ratio of
reaction width to level separation r;‘(Z)/ dz that would
make the fit much better., The addition of "compound
elastic" scattering, however, does adjust the "shape

elastic" scattering to a distribution that more nearly

'3165’
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L2

TABIE 2.

R(10™%7 em) ¢~ (barns) 0 (varns) 6 {varns)
: se c tot

7n1 (Cd, Sn) 4@0 106 506

8,6 (Bi) 601 1.6 77

g- se is the integrated "shape elastic" cross section. Fc is
the average cross section for the formation of the compound

nucleus, G-"‘tot is the total neutron cross section. The

"oompound elastic™ cross section plus the average reaction

cross section add up to 8;;9
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resembles the experimental curve than does the "shape
elastic” scattering alone. In particular, this "compound
elastic" scattering shifts the position of the first
minima in the "shape elastic" scattering. Since different
nuclel have different amounts of "compound elastic" scat-
tering, this may account for the lack of a uniform shift
in the position of the first minima in the experimental
elagtic~scattering distributions as one proceeds from iron
to bismuth.

Since the largest discrepancy between theoxry and ex-
periment occurs in the differential ecross seection for
Torward-scattering, G”sc(g)” it is of interest te consider
possidble adjustments of QJSGCO) in the theory. The mini-
mum theoretical value of o sc(o) is given by a thevry that
does not include "compound elastic" scattering and has the
maximum possible cross section for the formation of the
compound nucleus. These conditlons are met in the first

5)

version of the continuum theory”'. The values of 0~ g,(0)

from this theory agree with the experimental value of
oﬂsc(O) in the case of bismuth but are too high in the

case of cadmium and tin. In the case of bismuth, however,
the subsequent form of 0‘30(9) does not offer any possi-
bility of giving a detailed fit. Therefore, it is not
possible to obtain a useful value of'aﬂsc(o) that agrees
with experiment by adjusting only the value of J in Eq. (13)
and the value of ["‘r(‘m/a‘& in Bq. (16). It can be argued
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that the double average used to obtain )1l.n): in
Eq. (12), strictly speaking, is not a necessary feature
of the continuum theory and that one should insert some
function of £ for the parameter ‘GL in Eq. (11). To
get some idea of the restriction introduced by this
average over ﬁi’, the value of 2 f»n;t was averaged with
respect to E with the value of {SL set equal to zero.
For bismuth the difference between this method and the
double average method was quite small. For cadmium and tin
the difference was somewhat larger but still not large
enough to alter appreciably the results of the double
average method, Hence, it is not likely that signifi-
cantly better fits between theory and experiment would be
obtained 1r,§e were known as a function oflz °

Since the theoretical value of'o’sc(O) can be made
to agree with experiment by adjusting the nuclear radius,
it is of interest to estimate the magnitude of the change
necessary to bring about this agreement., The nuclear
radius used for bismuth (A = 209 in Eq. (14)) would have
to be lowered by about 6 per cent since o‘so(O) varies
aprroximately as the fourth power of the radius. This also
would move the first theoretical minima closer to the first
experimental minima., Since this change in radius would
lower the total cross section by approximately 15 per cent
and since the total cross section is in fair agreement with

~18=
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experiment, it would be necessary to raise the
imaginary part of the potential in Eq. (13) by about
15 per cent in order to maintain agreement of the
theoretical and experimental total cross section.
Furthermore, a lowering of the nuclear radius by about
6 per cent would be in agreement with the measurements

of Coon, Graves, and Barschalllo)9 in which they find

10) 5, H. Coon, B. R. Graves, and H. H, Barschall,

Phys. Rev, 88, 562 (1952),

for 14 Mev neutrons and for elements above barium that
the nuclear radius as measured by (CF;ot/2ZT)1/2 falls
below the value predicted by R = 1.5 x 10”13 Al/scme

In order to adjust the theory to the experimental
value of o*sc(O) for cadmium and tin it would be neces-
sary to lower the nuclear radius chosen (A = 115 in
Eq. (14)) by about 30 per cent. Corresponding to this,
it would be necessary to increase the parameter 3’by a
large amount to give a sufficiently large total cross
section if, indeed, a large change inf is capable of
ad justing the total cross section by a correspondingly
large amount. This large adJjustment of the nuclear
radius is not very palatable in view of the general

experimental agreement of the nuclear radius with the

formula in Eq. (14) for 14 Mev neutrons and for values

=19~
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of A near 115l )u It is conceivable that the theory

as it stands would give better agreement if it were
applied to an ellipsoidal-shaped target nucleus. How-
ever, since only 20-25 per cent of the cadmium and tin
isotopes have odd neutron numbers and since nuclear
eccentricities in the region of A = 115 are only about

6 per centll), it 1is not likely that the use of an

11) Jo M. Blatt and V. F. Weisskopf, "Theoretical Nuclear
Physics" (John Wiley and Sons, Inc., New York,
1952) pp. 29, 776.

ellipsoidal~target nucleus can produce the desired change.
Hence, we are reduced to the necessity of a modification of
the theory as the only means by which a sufficiently large
ad justuent can be accomplished. Within the general frame-~
work of the theory, it might be possible to choose the
matrix elements of H! in Eq. (7) to be a function of the
reletive coordinate, r, or to let the potential in Eq. (6)
be a function of the spins of the neutron and the target

12)

nucleus o In any case, however, it would be necessary

12) y. ¢. Franois and K. M. Watson, Phys. Rev. 92, 291 (1953).

that these changes introduce little effect on the present
results in the neighborhood of A = 209,

=20
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In summary then, it may be said that the continuum
theory may be brought into rather detailed agreement with
the measured angular distribution of 3,7 Mev neutrons
scattered from bismuth. The theory in the case of cadmium
and tin exhibits only the general features of the experi-
mental results and possibly demonstrates a need for a

revision of the theory.
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Captions for Figures

Figure 1 - Angular distribution of 3.7 Mev neutrons scattered

Pigure 2 =

from cadmium. (A) apparent differential cross
section using 1" axial thickness ring scatterers.

(B) apparent differential cross sections using 3/8"
axial thickness ring scatterers., (C) true differen-
tial oross sections for elastic scattering obtained
by a point-by=-point linear extrapolation of curves

(A) and (B) to zero thickness scatterer. Ordinates
are for curve (C) and are in units of barns/steradian,
Curve (B) ordinate should be reduced by a factor of
10, Curve (A) ordinate should be reduced by a factor

of 100,

Angular distribution of 3.7 Mev neutrons scattered
from tin. (A) apparent differential cross section
using 1" axial thickness ring scatterers. (B)
apparent differential cross section using 3/8"
axial thickness ring scatterers. (C) true dif-
ferential cross section for elastic scattering ob-
tained by a point=by-point linear extrapolation of
curves (A) and (B) to zero thickness scatterer.
Remarks concerning ordinates are the same as in

Plgure 1.
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Pigure 3 -

Pigure 4 -

Pigure 5 =

Captions for Figures (Continued)

Angular distribution of 3.7 Mev neutrons scatteréd
from bismuth., (A) apparent differential cross
section using 1" axial thickness ring scatterers.
{B) apparent differential cross section using 3/8"
axial thickness ring scatterers., (C) true differ-
ential cross section for elastic scattering obtained
by a point-=to-point linear extrapolation of curves.
(A) and (B) to zero thickness scatterer. Remarks

concerning the ordinates are the same as in Figure 1.

Comparison of the experimental differential cross
section for the elastic scattering of 3,7 Mev neutrons
from cadmium with the predictions of the continuum

13

model for a nuclear radius of 7.1 x 10 ~~ ¢m and a
complex potential constant of =19(1 + 0,05 i) Mev.

(A) experimental results from Figure 1(C). (B)

"Shape elastic" differential cross section. (C)
"Compound elastic"™ plus "shape elastic" differential
cross section using Eq. (12) to determine the "Compound
elastic" scattering. Solid triangle is 0»80(0) from

first version of the continuum theory.

Comparison of the experimental differential cross
section for the elastic scattering of 3.7 Mev neutrons

from tin with the predictions of the continuum model
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Captions for Figures (Continued)

for a nuclear radius of 7.l x 10”13

¢cm and & complex
potential constant of -=19(1 + 0,05 1) Mev, (A) ex-
perimental results from Figure 2(C). (B) "shape
elastic" differential cross section. (C) "compound
elastic™ plus "shape elastic" differentiaml cross
section using Eq. (12) to determine the "compound
elastic" scattering. Solid triangle isc?’so(O) from

first version of the continuum theory.

Comparison of the experimental differential oross
section for the elastic scattering of 3.7 Mev neutrons
from bismuth with the predictions of the continuum

13 cm and a

model for a nuclear radius of 8.6 x 10
complex potential constant of =19(1 + 0,05 i) Mev,

(A) experimental results from Figuré 3(C)o (C)

"shape elastic" differential cross section. (B)
"compound elastic" plus "shape elastio” differential
cross section using Eq. (12) to determine the "compound
elastic" scattering. Solid triangle is O”SQ(O) from

first version of the continuum theory.
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ITI. LOW VOLTAGE ACCELERATOR

In a previous report there is described a bench
test lon source assembly used to study operating
characteristics of the Bartol radiofrequency ion source.
As part of the projected program concerning scattering
studies on neutrons it was decided to convert this test
bench into a positive ion accelerator which would operate
at voltages up to 100 Kv. The chief advantage of this
type of accelerator for neutron studies is the provision

. of a beam current several times greater than those obtained
from the Van de Graaff generator and having sufficient
energy to yield a reasonable flux of neutrons from the

3 3(a,n)met,

exothermic reactions, H2(d;n)He and H
I+ was decided to incorporate an ion source developed
at Oak Ridge which diFffers from the source used in the
Van de Graaff generators in that it provides considerably
larger beam currents. An ion source of this type was ob-
tained from Oak Ridge and installed in the accelerator
last fall.
It became apparent at that time that the completion
of the large generator and continual use of the smaller
generator would prohibit satisfactory operation of a third

accelerator in the same room, and accordingly plans were

=220
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made to renovate a garage on the Bartol property for
purposes of housing the low=voltage accelerator. In
April the bullding was completed and the accelerator
moved to the second floor. During the spring and summer
several structural changes were made to provide more con-
venient and stable operation., In particular; provision
was made for extension of the tube through the floor into
the middle of the room below in order to reduce as far as
practicable the problems associated with scattering of the
neutrons from floor and walls.

After several initial difficulties with the vacuum
system and adjustments on the ion source & beam of 120 pa
has been focused on a target 1 1/2" in diameter at a dis-
tance of 10 feet from the source. A liquid air=-cooled
system was instalied in order to freege D20 onto the metal

target for producing neutrons from the H2(d,,n)He3 reaction.

-1
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IV. INELASTIC SCATTERING OF NEUTRONS BY Bal37 and Hgl?? 4

C. P, Swann and P, R, Metzger

Bartol Research Foundatlion of The Franklin Institute, Swarthmore, Pa,

Abstract
The production by inelastic scattering of neutrons of the

527 kev 1someric level of Hg199

and of the 661 kev isomeric level of
Ba137 have been studied. Neutrons were produced by bombarding a 50
kev lithium target with protons accelerated in the large Bartol Van de
Graaff. The cross section for the production of the 13/2+ level of
Hglg9 increases sharply at 620 + 10 kev mean neutron energy indicating
a level at about 90 kev above the metastable state. Below 620 kev
the observed actlivity decreases with increasing neutron energy and is
attributed mainly to fast neutron capture by Hglge. At 620 kev the
cross section corresponds to about one mb. Several other breaks indi-
cate higher excited states in Hg199. The 11/2- level of B3137 has
been excited wlth mean neutron energies as low aé 670 + 10 kev indi-
cating direct formatlion of the metastable state. The experimental
cross gsectlon at 150 kev above the threshold is about 5 mb which is
an order of magnitude smaller than the theoretlcal estimate based on
the compound nucleus modelf)
# Supported in part by the U. S. Atomic Energy Commigsion and in
part by the joint program of the U.S. Office of Naval Research

and the U, S.Atomic Energy Commission,

1) W. Hauser and H. Feshbaéh, Phys. Rev, QZ, 366 (1952).
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Nuclear Emulsion Method for Energy Measure-
ment of Inelastically Scattered
Neutrons™

S, C. Snowpon, M. A, RotaMaN, D. W, Kenr, Jx,,
AND W. D, WHITEHEAD

Bartol Research Foundation of The Franklin Instilute,
Swarthmore, Pennsylvania

(Received April 1, 1953)

] UCLEAR emulsions have been used for some time-in what
may be called a point source of neutron geometry (point
geometry) to record the energy spectrum of neutrons produced
in nuclear reactions. The same method applied to the observation
of inelastically-scattered neutrons has two defects: (a) the
source of bombarding. particles is relatively weak because these
particles first must be produced by a nuclear reaction in order to
get monoenergetic neutrons; (b) the bombarding neutrons as well
as the scattered neutrons. give proton recoils in the emulsion.
The purpose of this letter isito present a method of overcoming
these defects. Since the low intensity of flux incident on the
scatterer cannot be increased appreciably, one can only hope to
arrange the scatterer geometry so that many scattering points
give similar contributions to the proton recoil spectrum. In order
to prevent the direct neutron flux from producing a proton recoil
spectrum comparable with that from the scatterer, it is necessary
that the plane of the emulsion be placed at right angles to the
incident flux. Both- of these conditions are met if the scattering
material is placed in an axially symmetric ring (ring geometry),
and the photogfaphic emulsion is located on the axis with its
plane in the central plane of the ring (Fig. 1).

In order to utilize the ring geometry, the customary acceptance
criteria! must be changed to the following single criterion: all
proton recoil tracks are acceptable if their angle of dip with respect
to the plane of the emulsion is less than 6. In our case ,=12°.
The feasibility of the ring geometry will have been ascertained if
a calculation is made of the recoil proton spectrum from the fol-
lowing sources of scattered neutrons: (1) the ring (signal); (2) all
elements in the emulsion (noise); and (3) the boundaries of the
room (noise).

It should be noted that the noise of type (2) may be reduced
by interposing some scattering material on the axis between the
neutron sourcé and the emulsion. Also, there will be a proton
spectrum in the emulsion. because of the N(u, p) reaction
(Q=0.627 Mev).? This spectrum may easily be distinguished from
the scattering spectrum, first because it will have a line spectrum,
and secondly, because of the positive Q value, the peak will occur
at an energy appreciably higher than that of the scattered neutron
spectra.

In order to investigate points (1) and (2), it will be assumed that

(21
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F1G, 1. Ring geometry for scatterer; (A) deuterium gas at one-half
atmosphere pressure to give neutrons of 4 Mev from the D —D reaction;
(B) copper shield that attenuates the direct neutron flux on the emulsion
by 1/e; (C) 330-micron NTA pellicle of about one inch diameter; (D) ring
scatterer 6 inch i.d., 8 inch o.d., 12° half-angle from center of emulsion.
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FIG. 2, Proton recoil spectra; (A) Signal spectrum of neutrons elastically
scattered from iron for a 14-microampere-hour bombardment where the
ordinate represents the number of acceptable recoil tracks in each 100-kev
interval in 0.0033 cc of the emulsion; (B) noise spectrum; and (C) the
direct beam spectrum under the same conditions.

the scattering takes place isotropically. This is not justified in
view of the continuum theory of nuclear reactions? but the
deviation will reduce the signal and the noise in a similar manner.
Figure 2 gives the results of the calculation of points (1) and (2)
in reference to the geometry of Fig. 1 for a 14-microampere-hour
bombardment of D—D neutrons from a half-atmosphere source
of deuterium gas. The neutron energy in the forward-direction was
taken to be 4.0 Mev. This gives about 3.75 Mev for the energy of
the neutrons scattercd from the ring into the emulsion. The back-
ground curve is a superposition of proton recoil spectra derived
from the attenuated neutron flux scattered from the silver,
bromine, oxygen, nitrogen, and carbon that are present in a
330-micron pellicle assumed to have the composition of an NTA
emulsiond The actual spectra will be modified because of the
following effects: spread in energy of the neutrons from the source;
length of track projected onto the plane of the emulsion; range
straggling  in' the emulsion. None of these effects are expected to
destroy the general appearance of peaks.

An investigation of point (3) shows that the proton recoil
spectrum between 4 Mev and 1-2 Mev is negligible. This estimate
is based on a measurement of the shadow cone background neutron
flux as a function of neutron energy in our previous total scattering
cross-section measurements.®

The signal-to-noise ratio for elastic scattering is seen to be
large enough to make the experiment feasible. The inelastic
scattering should be comparable with the elastic scattering and
hence should be detected by this method. Preliminary measure-
ments using an iron ring scatterer and 4-Mev neutrons show both
the elastic and an inelastic group of neutrons separated by about
0.8 Mev in accordance with the expected excited level® in Fe®,

* Asgisted by the joint program of the U. S, Office of Naval Research
and the U, S, Atomic Energy Commission.

L H, T, Richards, Phys. Rev. 59, 796 (1941).

tF, Ajzenberg and T, Lauritzen, Revs. Modern Phys. 24, 321 (1952),

3 Final Report of the Fast Neutron Data Project NY0-636.

¢ A, Beiser, Revs, Modern Phys, 24, 273 (1952).

§S, C, Snowdon and W, D. Whitehead, Phys, Rev, 90, 615 (1953).
¢ Nuclear Data, Natl, Bur. Standards (U. S,) Circular 499 (1950),



e = a A

?
T e o SR

Rdat S Gl

\.\' )

Reprinted from THE Review oF Scientiric INsTRUMENTS, Vol. 24, No. 9; 876-877, Scptember, 1953
Printed in U, S. A,

Nuclear Emulsion Method for Energy Measure-
ment of Inelastically Scattered
Neutrons*

8. C. SvowpoN, M, A, RotamAN, D. W, KENT, Jr,
AND W. D. WHITEHEAD

Bartol Research Foundation of The Franklin Institute,
Swarthniore, Pennsylvania

(Received April 1, 1953)

UCLEAR emulsions have been used for some time in what

may be called a point source of neutron geometry (point
geometry) to record the energy spectrum of neutrons produced
in nuclear reactions. The same method applied to the observation
of inelastically-scattered neutrons has two defects: (a) the
source of bombarding particles is relatively weak because these
particles first must be produced by a nuclear reaction in order to
get monoenergetic neutrons; (b) the bombarding neutrons as well
as the scattered neutrons give proton recoils in the emulsion.
The purpose of this letter is to present a method of overcoming
these defects. Since the low intensity of flux incident on the
scatterer cannot be increased appreciably, one can only hope to
arrange the scatterer geometry so that many scattering points
give similar contributions to the proton recoil spectrum, In order
to prevent the-direct neutron flux from producing a proton recoil
spectrum comparable with that from the scatterer, it is necessary
that the plane of the emulsion be placed at right angles to the
incident flux. Both of these conditions are met if the scattering
material is placed in an axially symmetric ring (ring geometry),
and the photographic emulsion is located on the axis with its
plane in the central plane of the ring (Fig. 1).

In order to utilize the ring geometry, the customary acceptance
criterial must be changed to the following single criterion: all
proton recoil tracks are acceptable if their angle of dip with respect
to the plane of the emulsion is less than 6. In our case §o=12°.
The feasibility of the ring geometry will have been ascertained if
a calculation is made of the recoil proton spectrum from the fol-
lowing sources of scattered neutrons: (1) the ring (signal); (2) all
elements in the emulsion (noise); and (3) the boundaries of the
room (noise).

It should be noted that the noise of type (2) may be reduced
by interposing some scattering material on the axis between the
neutron source and the emulsion. Also, there will be a proton
spectrum in the emulsion because of the NM(s, p) reaction
(Q@=0.627 Mev).? This spectrum may easily be distinguished from
the scattering spectrum, first because it will have a line spectrum,
and secondly, because of the positive Q value, the peak will occur
at an energy appreciably higher than that of the scattered neutron
spectra.

In order to investigate points (1) and (2), it will be assumed that
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Fi1G. 1. Ring geometry for scatterer: (A) deutetium gas at one-half
atmosphere pressure to give neutrons of 4 Mev from the D —D reaction;
(B) copper shield that attenuates the direct néutron flux on the emulsion
by 1/e; (C) 330-micron NTA pellicle of about one inch diameter; (D) ring
scatterer 6 inch i.d., 8 inch o.d., 12° half-angle from center of emulsion.
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F1G. 2, Proton recoil spectra; (A) Signal spectrum of neutrons elastically
scattered from iron for a l4-microampere-hour bombardment where the
ordinate represents the number of acceptable recoil tracks in each 100-kev
interval in 0.0033 cc of the emulsion; (B) noise spectrum; and (C) the
direct beam spectrum under the same conditions.

_the scattering takes place isotropically. This is not justified in

view of the continuum theory of nuclear reactions?® but the
deviation will reduce the signal and the noise in a similar manner.
Figure 2 gives the results of the calculation of points (1) and (2)
in reference to the gecometry of Fig. 1 for a 14-microampere-hour
bombardment of D~D neutrons from a half-atmosphere source
of deuterium gas. The neutron energy in the forward-direction was
taken to be 4.0 Mev. This gives about 3.75 Mev for the energy of
the neutrons scattered from the ring into the emulsion. The back-
ground curve is a superposition of proton recoil spectra derived
from the attenuated neutron flux scattered from the silver,
bromine, oxygen, nitrogen, and carbon that are present in a
330-micron pellicle assumed to have the composition of an NTA
emulsion.* The actual spectra will be modified because of the
following effects: spread in energy of the neutrons from the source;
length of track projected onto the plane of the emulsion; range
straggling in the emulsion. None of these effects are expected to
destroy the general-appearance of peaks.

An investigation of point (3) shows that the proton recoil
spectrum between 4 Mev and 1-2 Mev is negligible. This estimate
is based on a measurement of the shadow cone background neutron
flux as a function of neutron energy in our previous total scattering
cross-section measurements.5

The signal-to-noise ratio for elastic scattering is seen to be
large enough to make the experiment feasible. The inelastic
scattering should be comparable with the elastic scattering and
hence should be detected by this method. Preliminary measure-
ments-using an iron ring scatterer and 4-Mev neutrons show both
the elastic and an inelastic group of neutrons separated by about
0.8 Mev in accordance with the expected excited level® in Fe®,

* Assisted by the joint program of the U. S. Office of Naval Research
and the U, S. Atomic Energy Commission.

1 H, T, Richards, Phys. Rev. 59, 796 (1941).

2P, Ajzenberg and T, Lauritzen, Revs. Modern Phys. 24, 321 (1952).

? Final Report of the Fast Neutron Data Project NYO-636.

¢ A, Beiser, Revs. Modern Phys. 24, 273 (1952).

$ 8. C, Snowdon and W, D, Whitehead, Phys. Rev. 90, 615 (1953),
¢ Nuclear Data, Natl. Bur. Standards (U. S.) Circular 499 (1950).
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Angular Distribution of Neutroris Scattered from Aluminum, Iron, and Lead*

W. D. Wwrkeanp anp S, C. SNownoN
Bartol Research Voundation of the lranklin Institute, Swarthmore, Pennsylvanic
(Reccived May 29, 1953)

The differential cross sections for the scattering of 3.7-Mev neutrons from aluminum, iron, and lead
have been measured in a ring geometry using a molded Lucite-zinc sulfide button as a detector. The
measurénents were taken over an angular range of 127 degrees between 13 degrees and 140 degrees with
an angular resolution better than =10 degrees. Effects due to higher-order scattering in the scatterer were

removed by extrapolation.

INTRODUCTION.

EASUREMENTS of the angular distributien of

fast neutrons scattered from a large number of
elements have been reported previously by Kikuchi
et al.;! and Amaldi ¢f al.? in which the fnain features of
the distribution could be explained as the diffraction
effects due to the scattering of neutron waves by
spheircal particles. More recently Remund and Ricanio®
have measured angular distribution of 3,7-Mev neutrons
scattered from carbon while Walt and Barschall,* using
1.00-Mev neutrons have reported the angular distri-
butions for a large number of elements. Feshbach, Porter,
and Weisskopf,® using a modification of the continuum
theory of nuclear reactions, have reproduced the average
features of the total néutron cross section vs energy and
atomic number ds measured by Barschall.® Feshbach,
Porter, and Weisskopf” have also computed the angular
distributions of elastically scattered neutrons using this
same modification of the continuum theory and the
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F1c. 1. Ring geometry for scatterer (S), deuterium gas at
one-half atmosphere pressure to give neutrons of about 3.7 Mev;
(D) Lucite-zinc sulfide scintillation detector; (4) ring scatterer
of rectangular cross section.

*Assxsted by the joint program of the U. §. Office of Naval
Research and the U. S, Atomic Energy Commission.

t Kikuchi, Acki, and Wakatuki, Proc. Phys. Math, Soc. Japan
21, 410 (1939); T, Wakatuki and S. Kikuchi, Proc. Phys. Math.
Soc. Ja;zan 21, "656 (1939) T. Wakatuki, Proc. Phys. Math. Soc.
Japan 430’ (1940,

zAmalch Bocclarelh Cacciapuoti, and Trabacchi, International

Conference on Fundamental Particles and Low Temperaturé:

(The Physical Society, London, 1947), Vol. 1
( 3 .?2) E. Remund and R. RlCamO, Helv. l’hys Acta 25, 41
19
4 M. Walt and H, H. Barschall, Phys. Rev. 90, 714 (1953).
‘Feshbach Porter, and Welssko&f Phys. Rev 90, 166 (1953).
‘H. H. Barschall Phys. Rev 431 (1952) Mlller, Adair,
Bockelman, and Darden, Phys. Rev. 88, 83 (19 2)
7 Feshbach, Porter, and Weisskopf, Bull. Am. Phys. Soc. 28,
No. 3, 29 (19

general features agree rather well with the measure-
ments of Walt and Barschall.* Our measurements on
aluminum, ifon and lead; using 3.7-Mev neutrons, were
undertaken with the thought that the angular distri-
bution in this energy range would be of value in view of
the present theoretical considerations.

EXPERIMENTAL

Figure 1 shows the expetimental arrangement that
was used to measure the angular distribution of neu-
trons scattered from aluminum, iron, and lead. The
source of neutrons is a chamber of deuterium gas at 0.5
atmosphere and 2:0-em-in depth bombarded with about
10 microamperes of 1.0-Mev deuterons which, after
passing through the nickel foil and gas, have a mean
energy of about 0.65 Mev. These neutrons are detected
by a pressure miolded Lucite-zinc sulfide button®
mounted directly on the face of an RCA 5819 photo-
multiplier. The direct beam is- cut out by a suitably
tapered 10-inch long, 1§-inch diameter iron cylinder.
The scatterer was chosen to have the shape of a ring in
order to increase as much as possible the number
of scattered neutrons. The scattering angle 8 is varied
by moving the scattering rings laterally and by using
rings of various sizes. For-angles between 52° and 140°,
8-inch o.d. rings were used with a mean source-detector
distance Ry of 40 cm. For § between 24° and 52°, 6-inch
o.d. rings were used with Ry equal to 60 cm. For the
point at 13°, 4-in. o.d. rings were used with R, equal to
72 cm,

In order to discuss the measurements that must be
made to arrive at the differential scattering cross sec-
tion, it is convenient to define several quantities. For a
given number of neutrons emitted by the neutron
source, let Ng be the number of neuttons recorded by
the detector with the scatterer and direct beam atten-
uator in place. Let Nz be the number of neutrons
detected with the scatterer removed and let Np be the
nUmber of neutrons recorded with the s‘catterer and
neutrons recorded by the detector that originate in the
source, and Np—Np is the number of neutrons direct
from the source that are recorded by the detector. Let

$W. F. Hornyak, Rev. Sci. Instr. 23, 264 (1952). The authors

are indebted to Dr. Hornyak for supplymg them with a Lucite-
zinc sulfide molded button.

114

e . T R



f

e g — - e =
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the scattering ratio be defined as
S= (NS—NB)/(ND—NB).

Appendix I then shows that the scattering ratio S is
related to the apparent differential scattering cross
section ¢(f) through the relation -

S= [I (60)/I(0)]-[Re*/ Ri*R:Y]
<E(0)A (0) E(E)nVE(82) exp(—ond), (1)

where (6,) is the number of neutrons emitted from the
source per steradian per unit monitor flux, 4 (8:) is the
angular sensitivity of the neutron detector normalized
to unity at zero angle, E(E,) is the energy sensitivity
of the neutron detector normalized to unity for the
energy of the direct beam, #V is the number of scatter-
ing nuclei, ¢ is the total scattering cross section, and
F(8.) is an attenuation factor which is defined more
fully in Appendix 1.

In general, the scattering ratio S is made up of a
sum of terms S=5,4-S,4-etc., where Sy, S, etc. refer
to the neutrons scattered into the detector by single
scattering, double scattering, etc. Thus, #(f) is simply
a measure of the differential scattering cross section,
assuming that all neutrons are singly scattered, since
#(6) becomes exactly ¢(f) if S is replaced by Si. In
order to separate the components S;, S, etc., one
measures the scattering ratio S for a fixed angle 6 as a
function of the axial thickness of the ring scatterer d.
The value of ¢(8) at d=0 is then the average differential
scattering cross section for all scattered neutrons
(elastic and inelastic) weighted according to the énergy-
sensitivity of the detector E(E,). In the ideal case, if
the energy-sensitivity curve adequately discriminates
against the inelastically scattered neutrons, the above
value of §(f) for d=0 becomes the differential cross
section for elastic scattering & (6).

In order to measure #(f) it is necessary to consider
the following factors.

1. Energy resolution of incident neutrons~—~—The mean
energy of the neutrons incident on the scatterer varies

between 3.70 Mev and 3.74 Mev depending on the

angle 6;. The energy spread in the beam due to target
thickness and voltage stability of the generator is
about 200 kev.

2. Neutron flux monilor—A proportional counter
filled with one atmosphere of butane was placed very
close to the target chamber at 90 degrees with respect
to the source-detector axis. The discriminator was set
to reject those neutrons that were produced from the
C!(d, n) reaction in the vicinity of the magnet box.
Actually some difficulty was experienced in obtaining
a constant direct-beam neutron count per unit monitor
count after the target chamber was. just filled with
deuterium. The pattern of change, however, was similar
in each case and seemed to indicate that some of the
deuterium gas was absorbed into the walls of the

Fe, AND Pb . ”

chamber. After about an hour or two a ratio was ob-
tained that was constant to &5 percent.

3. Measurement of S.—In general the direct beam
count was about 15-100 times the scattered beam count
and the attenuated direct beam count varied from 40
percent to 90 percent of the scattered beam count, each
depending on the size and position of the scatterer.

4, Spacial distribution of mneutron source.—The
Np—Np count exhibited within a few percent an in-
verse square variation with distance from the target
chamber.

S. Angular variation of the neutron flux from the D—D
reaction, I(0,)/I(0)—This quantity was computed
from the data published by Hunter and Richards.?

6. Measurement of nV, the nuember of scallering nuclei.
—Each scatterer was weighed on a suitable balance to
about one percent accuracy.

1. Angular variation in sensitivity of the neutron
detector, A (f2).—This quantity varied by about 25 per-
cent over the range of 0; used in this experiment. The
value of 4 (f.) was measured to within about 5 percent
by rotating the detector about an axis through the
detector perpendicular to the source-detector axis.

8. Measurement of the total cross section.—This was

measured by using 1}-inch diameter, 1-inch long cylin-

<ders of aluminum, iron, and:lead. The cross sections ob-

tained for E,=3.7 Mev .were ¢(Al)=2.55 barns,
¢(Fe)=3.51 barns, and ¢(Pb)=7.60 barns each in

agreement with the values obtained by Nereson and

Darden.' The scattering-in corrections were 0.75, 2.4,
and 4.3 percent, respectively, for Al, Fe, and Pb, and
were obtained from our-measurements of the differential
cross section:

9, The oltenuation factor F.—This factor varied from
unity by as much as 14 percent depending on the size
and shape of the scatterer. This quantity is discussed
briefly in Appendix I and a graph of its variation is
given in Fig. 2.

10. Geometrical measurements—Measurements of dis-
tance were carried out to about =1 millimeter. The
consequent calculation of mean angles is thus.accurate
to about one percent. However, because of the finite
size of the detector (1 inch diameter, § inch height) and
the finite size of the scatterers, the detected neutrons
are received over a range of angles of about 4-10
degrees in the worst case near =90 degrees..

11. Variation of the sensitivity of the detector with
neutron energy.—This was measured by comparing our
measurement of the angular distribution of neutrons
from the D—D reaction with those of Hunter and
Richards,’ the discrepancy being ascribed to a non-
uniform efficiency in our detector. As may be seen in
Fig. 3, the sensitivity only drops off slowly with de-
creasing neutron €nergy, decreasing by 40 percent in
1 Mev. Since it is desired to discriminate against
neutrons that have lost more than 200 kev, this consti-

* G, T. Hunter and H. T. Richards, Phys. Rev. 76, 1445 (1949)
1 N. Nereson and S, Darden, Phys, Rev. 89, 775 (195

9)
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. F16. 2. Attenuation factor I, This quantity is-defined in Appen-
dix I. F exp(—ond) essentially measures the attenuation: of the
direct beam into the scatterer times the attenuation of the
scattered beam out of the scatterer. The dimensions are for alu-
minum, iron, and lead ; b=2.54 cm, 2.54 c¢m, and 2.54 cm; d=3.15
cm, 2.54 cm, and 3.00 cm. The factor F is not shown for the
thinner rings used’in the experiment.

tutes a serious objection to the use of the Lucite-zinc
sulfide detector in this experiment. However, if the
inelastically scattered neutrons are more uniformly
distributed in angle than the elastically scattered neu-
trons, then the general features of the differential cross
section for elastic scattering will still be evident. In any
case; the value obtained for ¢ (§) must be such that the
total cross section achieved by integrating ¢ (f) is less
than the measured total cross section. That this is the

case will be-shown later,

12. Sensitivity of counler lo gamma rays—Neutron
detector must not count the gamma rays resulting from
the inelastic scattering of neutrons. An ampoule con-
taining 0.1 milligram of radium was placed directly on
the Lucite-zinc sulfide detector and gave a negligible
counting rate (less than 1 .count in 100 seconds).

13. Higher-order scatteririg.—Appendix II gives an
account of the metliod used in this experiment to allow
for double scattering. Essentially it involves placing an
upper and lowér bound on the possible values of ¢(6)
for an observed sequence of values of &(6) as a function
of the axial thickness of the ring. The first calculation
estimates the nature of the variation of #(f) with d/a
under the assumption of isotropic scattering. This is
given by Eq. (13) which, after comparing with Fig. 4, is
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F16. 3, Energy sensitivity of neutron detector, E(E,) measures

. the sensitivity of the neutron detector normalized to unity at

3.7 Mev. Solid circles were measured by us. The dotted curve
was obtained from reference 9 by normalizing the two sets of data
over the region common to hoth,
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F16. 4. Variation of straight-through double scattering in a
right circular cylinder, The-differential cross section was assumed
to be isotropic. Specifically this curveis a plot of the function G
as defined in Appendix IT. :

seen to reduce to the practical formula
5(0) = &0(0)—0.2825' (9), 2)

where &(8) is the intercept at d/a=0 of the linear
portion of the -curve and &'(6) is the slope of the &(f)
s d/a curve in the linear portion.

The second calculation states that, if the angular
distribution is peaked strongly forward, then one
expects that the double scattering contribution will
cause &(f) to be a linear function of 4 or d/a. In this
case do(0) is the true differential scattering cross section.
Both of these extrapolationsare presented on the graphs.

If triple scattering is present, then #(f) should be a
quadratic function of d or d/a forthe-case in which there
is a strong forward peaking of the scattering. Figure 5,
for thé case of iron, shows some indication of the presence
tainty is too large to consider this definite, No attempt
was made to remove the triple scattering contributions.

A typical run of data was madeas follows: (1) direct
beam; (2) attenuated beam; (3) scattered beam from
one of the rings for all values of the scattering angle;
(4) attenuated beam; (5) direct beam. If the two

F16. 5. Apparent dif- | ]
ferential cross section
of iron vs thickness of
ring scatterer for three
different scattering
angles. The thickness is
measured relative to a
quantity a, which we
have taken to be equal
to the radial width of
the ring in order to
establish a correspond-
ence between the ring
scatterer and the right
circular cylinder scat-
terer.
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Fi16. 6. Angular distribution of 3.7-Mev neutrons scattered from
aluminum. &(8) is apparent differential cross section as defined
in the text, &) is tge differential cross section using a linear ex-
trapolation to remove higher-order scatters. 0(8)—0.2820'(8) is
the differential cross section in which the higher-order scatters
are removed using the isotropic scattering assumption. ¢(0) is
taken from the ‘‘Final Report of the Fast Neutron Data Project,”
U. S. Atomic Energy Commission, NYO-636 (unpublished), in
which the nuclear radii were found from our measured values of
the total cross section.

values of the direct beam determination differed by
more than 10 percent, the data were discarded.
DATA

Iigures 6-8 show the experimental peints of the
appatent differential cross section for 3.7-Mev neutrons
incident on gluminum, iron,~and fead as calculated
from Eq. (1). Only a limited number of angles were
chosen in order to determine the effects of higher-order
scattering. Figure 5 shows the variation of #(f) as a
function of the ring thickness for the case of iron. In
the same manner, similar curves were obtained for lead
and aluminum. The extrapolations both: for isotropic
scattering and forward peaked scattering are shown
in Figs. 6, 7, and 8 where a curve is drawn through the
points-thought to be the appropriate differential cross
section; o(f)- for each case. The total cross sections
corresponding to ¢(f) have been calculated and are
presented together with the previously measured total
cross sections!® in Table I. It will be noted that the

A S S S S St St B S S R B S |
k< 1RON -J
)
z w0 J
a"r AT, (0 -0.20230
S X aiod ACF 14 h
it ]
< 4
]
H t R
<
a | B
g
» ]
I
* o<
s
9 » T2 T80

o (LAB) OtGRILS

Fi6. 7. Angular distribution of 3.7-Mev neutrons scattered from
iron, Other remarks in caption of Fig. 6 apply here also.

AND Pb

TABLE 1. Total cross sections. Subject to the reservations in the
text, the value of S0 (8)dQy is the total elastic cross section,

atot {meas.) in barns Sa(0)ing
Element This expt. Ref. 10 (barns)
Aluminum 2.55 2.50 1.73
Tron 3.51 3.55 294
Lead 7:60 770 507

integtated differential cross sections in each case are less
than the measured total cross section. The total in~
elastic cross section cannot be-obtained as the difference
between the two former cross sections since the measure-
ment, .of the differential cross section did not dis-
criminate adéquately against the inelastically scattered
neutrons, However, this subtraction can be carried
out approximately if one accepts the following rather
crude estimate of the inelastic contribution to &(6).
There aré seven levels in aluminum that can be excited
by 3.7-Mev neutrons.!* If we assume-that the maximum
total inelastic cross section is about 50 percent of the
total cross section and that the seven levels in alu-
minum are equally excited, then the inelastic neutrons
contribute less than 15 percent to the total cross sec-
tions cotresponding to o(f). Similar arguments using
the known levels in iron and lead show that the in-
elastic contribution in these elements is less than 20
percent. :

In conclusion, the authors wish to express their
appreciation to Dr. W. F. G. Swann, Director of The
Bartol Research Foundation, for his sustained interest
in this problem.
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F1c. 8. Angular distribution of 3.7-Mev neutrons scattered from
lead. Other remarks in caption of Fig. 6 apply here also.

1t Nuclear Data, Natl, Bureau Standards Circ. 499 (U. S. Govern-
ment Printing Office, Washington, D. C., 1950).
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APPENDIX I. SCATTERING OF NEUTRONS THROUGH
RING SCATTERER BY SINGLE SCATTERING

In general the scattering ratio is made up of a sum
of terms S=S1+Sus+ - « -, where S}, Sy, etc., refer to the
neutrons scattered into the detector by single scattering,
double scattering, etc. For the single scattering case
[Figs. 1 and 9(a)] we have

Si= f [160/1(0)]-[Re/RR:"]- 0 @)
Xexpl —on(ri+r)1- A @) E(E)AV. (3)

The geometry is such that only small errors will be
introduced if Eq. (3) is replaced by

$1=[1(61)/1(0)]-[R*/R{’R*]
o (0)nAd (0:) E(E)VEF(0:) exp(—ond), (4)

where

F= V“f exp[ —an(ri+r.—d)Jdv, (5

v

and the mean angles and distances are used for 6, 8s,
Ry, Ry, and R,. For a fixed size of ring scatterer, the
quantity F is a function of 8, and 8,. However, since
6, only varies from about 5° to 15°, little error and much
simplification is introduced by computing F for 6,=0.
For the rectangular cross section of our scatterer, the
integral F may be evaluated in terms of elementary
functions. The results are displayed in Fig. 2.

If only single scattering were present, the quantity
S could be replaced by the measured data S and the
differential cross section ¢(6) could be calculated. In
any case the reduction of the data is facilitated by
defining an effective single scattering differential cross
section & () such that

S=[1(0,)/7(0)]-[Re*/R\*R*]
FO)nA @) E(E,)VE(8.) exp(—ond). (6)

APPENDIX II. SCATTERING OF NEUTRONS THROUGH
RING SCATTERER BY DOUBLE SCATTERING

Using the quantities defined in Figs. 1 and 9b, the
double scattering ratio is seen to be

Sa= ff [16)/1()]-[Re/RersRE]

-0 {0)a(0")n? exp[ —on(ri+ritr:)]
XA@)E(E)AVdVae (7)

An analytical solution of this integral seems quite
involved; if not hopeless, for the geometry of the ring
scatterer, In order to get some feeling for the manner

in which the double scattering varies with the thickness

of the ring, we have chosen to calculate the straight-
through double scattering from a right circular cylinder
assuming isotropic scattéring [o(¢') =const=g/47]. In
order to simplify this case as much as possible, let the
neutron beam, incident on the circular end of the

cylinder, be parallel to the cylinder axis, and let the

detector sensitivities 4 (0;)=E(E,)=1. Also let ri+r,
be replaced by an approximate mean value d, the
thickness of the cylinder. Equation (7) then reduces to

So=[0?1?/16x2R:%]- exp(—ond)
Xf f 7‘12_2 exp(—anrm)(lVldVg. (8)
ivve

If the exponential function is expanded and the first
three terms retained, S» reduces to the following:

Sy=[o™n%a*/16R*]- exp(—ond)
(X —~ona¥V4ic2n2a*Z), (9)
where

X=—2(d¥/a®-1nd/a+2(d*/a®) sinh™1d/2a
+ cosh(1+d?/2a%)+2d*/ a*— d*/4a*
—(1—~a/26)-[(14+ad*/2¢**—~1]}, (10)

V= wa (xd/2a— exp(—xd/2a)
' Xsinh (xd/2a)]J1(x) sinx-dx/«,  (11)

and

Z=d/a (12)

The integration of X was facilitated by the use of a
theorem in vector analysis.”* The integration of ¥ can
be effected by recognizing that the integral corresponds
to the electrostatic energy of a uniform volume dis-
tribution of charge.?

If the single scattering ratio S is calculated for the
right circular cylinder under the same assumptions, then

11 H, B, Phillips, Vector Analysis (John Wiley and Sons, Inc.,
New York, 1933), Chap. III,

13 W, R. Smythe, Static and Dynamic Electricity (McGraw-Hill
Book Company, Inc., New York, 1939), Chap. V.

|
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the effective single scattering cross section is given by

#/6= 1+ (ona/4)G(d/a), 13)
where
G(d/a)= (a/d)(X —ona¥+40*na?Z) (149)

and is written only as a function of d/a since it varies
but slowly with ane, as may be seen in Fig. 4. By con-
sidering the mean curve to apply to all cases of interest,
the function G becomes a function of d/a only.

To apply the calculations of the right circular cylinder
to the case of the ring scatterer, we assume that except
for multiplying factors which are angular functions,

the geometrical variation of the single and double
scattering ratios is given correctly after associating

the radial thickness of the ring scatterer & with the

radius of the cylinder a.

If, instead of isotropic scattering, one takes the other
extreme of an angular distribution peaked strongly in
the forward direction, one finds that the single scatter-
ing ratio in the ring scattering varies as d exp(—ond)
whereas the double scattering ratio varies as d® exp
(—ond); thus leading to a linear variation of the ap-
parent single scattering cross section with the thickness
of the ring.

—
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